Abstract-Optical Tweezers are very useful systems to manipulate micro-scale objects in confined spaces. To prevent photodamage of laser light on biological objects, indirect manipulation concept became appealing among researchers in the recent years. However, manipulation of a target object in a stable manner by using conventional microspheres as end effectors of Optical Tweezers is an arduous task as laser light does not trap only microspheres but also attracts target object itself. Moreover, with the indirect manipulation approach, rotation of the target object around horizontal axes (to turn it up-side down) is not feasible which is an important feature for some bio-applications. By using direct laser writing, we propose two seperate mechanisms to above-mentioned two problems of indirect manipulation approach. First, a microcarrier is designed for stable manipulation purpose. Then, rotation mechanism is developed to extend rotational abilities of the Optical Tweezers. Both mechanisms are printed using Two Photon Photo-polymerization method. Furthermore, validation of proposed mechanisms are shown through optical manipulation experiments.
I. INTRODUCTION
Using laser light to manipulate objects was studied first time in 1970s. Particularly, since 1986, manipulation of various cellular structures using optical tweezers have been shown in the literature. Handling of cells, organelles of cells and even DNA bundles become feasible due to fine trapping ability of focused laser beam. Recently, Optical Tweezers became the key method for various cellular and sub cellular analysis.
Although Optical Tweezers are very widely used for micro/nano biological objects handling, numerous researchers mentioned hazardous effect of laser light on biomaterials in the last decade [1] . Aabo et al. showed that exposing laser light on Saccharomyces Cerevisiae influences the growth rate of the cell [2] . With respect to the power of the laser light, cell might stop growing entirely. Rasmussen et al. demonstrated that pH values of Listeria and E. Coli bacterias changed after trapping by low powered Optical Tweezers [3] .
Recently, few methods proposed for the indirect manipulation of cells to minimise the impact of the laser irradiation on biological objects. In 2007, Arai et al. attached gel microspheres to lipid nanotubes to be manipulated by 978-1-5090-6190-7/16/$31.00 2016 IEEE Optical Tweezers as the feasible maximum force emerging from optical tweezers was not sufficient for direct trapping of rod-shape nanotubes [4] . In 2010, Maruyama et al. produced triangle-shaped microtools consisting of three microbeads as an end-effector of Optical Tweezers so as not to damage the biological cells [5] . In 2014, Thakur et al. proposed automated indirect pushing of biological cell in 2D which was very effective for less exposure of light [1] . All the above mentioned studies have contributed to the manipulation ability extension of Optical Tweezers using the concept of indirect manipulation.
In this study, two significant issues of indirect manipulation approach are engaged. First, during indirect manipulation, laser multi-traps attract not only the intermediate micro handles but also the biological target itself. Hence, indirect manipulation with simple microspheres are not stable [6] . Thus, a different approach to indirect manipulation should be investigated. Second, using Acousto Optic Deflector (AOD) helps to trap and manipulate target objects in a fast manner but rotation of the object is limited to only one axis (depth). Thus rotation of an object around 3 different axes is not feasible [7] . However, for some of the bio/medical applications, robust 3D rotation of the target object is required such as intracytoplasmic sperm injection and polar body biopsy [8] , [9] .
To solve above mentioned two challenges of indirect optical micromanipulation, two different mechanisms are proposed. Applying direct laser writing technique to print microscale mechanisms having nano features is possible through Two Photon Photo-polymerisation (2PP) method. Using 2PP, a micro-carrier which keeps laser trapping far from target object to prevent attraction of target object by laser traps is developed. Moreover, using same direct printing method, a micro rotation mechanism is proposed. After printing these two mechanisms, printing quality is checked and detachment of components is carried out under SEM. Finally, manipulation of the developed micromechanisms under Optical Tweezers is achieved to validate the idea of stable indirect manipulation and rotation around different axes.
The paper is structured as follows. In section II, designing criteria is described. Then, manufacturing of the proposed mechanisms is explained in section III. In section IV, optical manipulation system and experimental results are shown. Moreover, discussion of the proposed mechanisms takes place in the same section. Finally, conclusion and future work are explained in section V.
II. MICROMECHANISM DESIGN

A. Mechanism for Stable Indirect Manipulation
Using microspheres as an intermediate part between laser trap and target object is a common method for indirect manipulation approach. However, as it is explained in [6] , it is not possible to keep the target object away from laser traps once the target object is approached using microspheres. Following equations [10] indicates the relationship between trapping force of laser light (F trap (x)) and the distance between centre of the light and centre of the object (x).
x 0 represents the critical displacement where the trapping force begins to decrease. It is directly related to the radius of the target object and radius of the laser beam. After this critical displacement, trapping force drops gradually and becomes ineffective. Therefore, keeping target object away from the centre of light is important.
The problem is shown in Fig. 1 . By using multiple traps of laser, four microspheres are trapped. Then, these microspheres approach to the target object, in this case, cube shape microobjects in the middle of the visible space. As soon as microspheres touch to the target object, the object jumped to the one of the laser traps as it can be seen in Fig 1 (right) . When microspheres are close enough to the target object to grasp it, laser beam is also close enough to the target to attract it to the one of the four traps. For robust grasp and manipulation of target object in 3D, higher power of laser is exposed on microspheres. Thus, attraction force of the traps on the target object is much stronger. Through this experiment, instability of the indirect optical manipulation approach in case of using microsphere as an end effector is observed.
Instead of using separate four end effectors (microspheres), one rigid body with a four trapping points is proposed. This end effector should be large enough to keep trapping points away from the target object. Hence attraction force of the laser beam would not attract the target object to the trapping points. However, it should be small enough to be visible under 100x objective (visible space was 50 x 50 μm). Moreover, the force coming out of laser irradiation is only sufficient for small microobjects with maximum size of 20-30 um (depends on material properties).
The proposed mechanism will work as a microcarrier. The target object will stand on the microcarrier to be transported to the target location in 3D. To load and release the target object to and from the microcarrier, the thickness of the edge of the microcarriers should be sufficiently thin. In this case, 1 μm has been chosen as thickness of the basement of the microcarrier. Fig. 2 demonstrates the 3D design of the microcarrier for stable indirect manipulation task. At each corner of the microcarrier, there is a sphere head pillar for receiving a strong trap from laser beam. After setting up the designing criteria, the mechanism is manufactured using 2PP method which will be explained in details in section III.
B. Mechanism for Rotation Task
Using an AOD Optical Tweezers, translational motion in 3 axes and rotational motion in 1 axis (depth) is possible. However, rotational motion in other two axes is not feasible and for some of the bio-application tasks, turning the target object up-side down is required, e.g., polar body biopsy. Thus by using multiple rigid bodies (microspheres), rotation of the target object around 3 different axes is not feasible. Fig. 3 shows that three axes translational motion (1, 2, 3) and one axis rotational motion (4) which is around Z-axis is possible with a common Optical Tweezers system. However, rotational motion around X and Y axes is not achievable (5, 6) .
In this case, a multi-component mechanism which possess an input motion in horizontal plane(which can be done using conventional Optical Tweezers) and an output as a rotational motion would be ideal. When the trapped part is moved in the X-Y plane, then the end effector of the mechanism will rotate around either X or Y axes as seen in Fig. 4 . Thus, the target object would be rotated around different axes. Challenge of the proposed muti-component mechanism which has relative motion ability of a component over to other components of the same mechanism is the dominant adhesion forces in microscale environment. Due to the adhesion forces, small objects tend to stick to each other or to the substrate. Moreover, to make this micromechanism work, printing all the details precisely and accurately is another arduous task. If there is even a small error during printing, the multi-component mechanism might not work. And the force come out from laser irradiation is very small (0 .1 pN -100 pN) . Therefore, any imperfection in the mechanism or any stickiness might lead to failure.
III. DIRECT LASER WRITING
The proposed microcarrier and rotation mechanism are produced by curing the liquid polymer through directly scanning a laser along preprogramed path as shown in Fig. 5 . This approach achieves fine resolutions (100nm) using 2PP method.
Direct laser writing system (Nanoscribe GmbH) has features as follows. Laser beam is the product of femtosecond fiber laser source, which has pulse length of 100 femtoseconds, wavelength of 780 nm, and repetition rate of 80 MHz. The produced laser beam is transmitted to the sample through mirrors, lenses and finally 100x oil-immersion objective lens. Sample, which includes photoresist on a glass substrate, controlled by motorized stage for coarse motion and piezoactuated stage for the fine motion. An optical microscope (Zeiss) was used to observe and control the process. The 3D micromechanism structures was generated in a layer-bylayer format. Galvanometric mirror scanner was used for xy directions (horizontal surface). Movement on the z-axis (depth) was achieved using a piezo actuator to change focus point of laser beam in vertical direction. The detail of the printing process is summarized below. 1) Using Acetone, Isopropanol and DI water respectively to clean a coverslip which will be used as a glass substrate. 2) A simple drop casting of the photoresist (IP-L 780) on to the glass substrate (spin coat and pre-baking steps are not required for IP-L 780 photoresist). 3) Approaching to the sample and finding the interface between glass and photoresist automatically by utilizing the sudden change of refractive index (from glass to photoresist). 4) Direct Laser Writing of the micromechanisms using 2PP method. 5) Development of the manufactured structure arrays using Ether Acetate (PGMEA) for 30 min, then a 1 min bath using Isopropanol. 6) Using Nitrogen Gas stream for gentle dry of the printed structures that adheres to the glass substrate.
After drying the sample, the printed microstructures is checked under SEM. For printing the proposed micromechanisms, power of 50 mW is found an optimum parameter considering 0.1 μm slicing (each layer) and 0.2 μm hatching distance. In the case of lower power (<40 mW), curing of photoresist is not possible and for higher powers (>60 mW), bubbling in the structures happens. 10 4 μm/s is the feasible maximum scanning speed; thus, printing of each microhand took about 3 minutes. Fig. 6 (a) demonstrates failure case of printing where bottom-up approach takes place while making layer by layer manufacturing. Fig. 6(b) shows successful print of rotation mechanism with an isometric view. In this case, top-down approach takes place. In Fig. 6(c) , detachment of rotation mechanism components from each other is shown. This is the top view of the rotation mechanism. In Fig. 7 , printed microcarrier in water under optical microscope is shown.
IV. OPTICAL MANIPULATION
For the micro-scale objects, trapping and manipulation by laser beam can be explained with conservation of momentum. Dielectric micro particles under laser beam refracts the light. Thus, direction of the photon momentum is changed and equal but opposite momentum change for the particle occurs. If the object moves away from the center of the light, then the net force on the object, pull the particle back to the center of the light beam due to larger momentum change of more intense beams at center of the light compared to less intense beams out of center. For a stable manipulation, the target object in aqueous medium is suitable as liquid environment acts as a damping force. The particle shape is one of the significant parameters for the emerging force from laser beam in terms of direction and amount. Therefore, spherical and symmetrical shapes are easier to control under optical tweezers. In addition, to trap and control micro size objects, a few milliwatts is sufficient.
To trap and control micromechanisms, an optical tweezers (Elliot Scientific, E3500) integrated to an optical microscope (Nikon, ECLIPSE Ti) is used as seen in Fig. 8 . There are two kinds of laser sources in the system: a high power fibre laser to trap particles and low power fibre laser for probing the beam position. For trapping and manipulation purposes, Ytterbium fibre laser (YLM-10-LP-SC), which emits 1070 nm wavelength light with a power of up to 10.6 Watts (this is the output power from the source, the power reaches to the particle is around tens of mW) is utilized. As shown in Fig.  8 , laser beam is conveyed onto the micromechanisms through mirrors, lenses and 100x oil immersion objective (Nikon, Plan Apo Oil). To achieve multi-spot traps of laser beam, 2-axis Acousto-Optic Deflector (AOD) (IntraAction Corp., DTD-274HA6) is implemented. Therefore, manipulation of dozens of microobjects simultaneously is possible. AOD manipulates position of the laser beam by altering the acoustic frequency (60 kHz).
With the above-mentioned optical system, after trapping the target objects, manipulation can be done in two ways. First, using piezo-actuated stage to move the substrate in X-Y-Z axes. In this case, the target object is trapped and fixed. Then substrate is moved to change the location of the target. Second, after trapping the object, laser beam can be steered using AOD. Thus, the target object can be moved from one location to another in the visible space of the microscope. During the following experiments, both of the ways are applied.
A. Experimental Results
After printing proposed mechanisms, they are detached from the glass substrate by pushing with a microprobe. Then they are moved onto the Optical Tweezers system. First, the microcarrier design is trapped and manipulated by laser light. Fig. 9 a) and b) shows the 45 o rotation of the microcarrier structure. Hence the manipulability of the proposed structure is confirmed. In Fig. 9 c) , the microcarrier loaded with the target object is ready to move in 3D. In Fig. 9 d) , lifting the microcarrier and hence the target object takes place. This is the pre-step before moving the target object in the X-Y plane to prevent collision with other objects on the surface of the substrate. In Fig. 9 e) and f), relocation of the target object is demonstrated. In this case, microcarrier is fixed in 3D using optical traps, the substrate is in motion using piezo-actuated stage.
In Fig. 10 , manipulation of rotation mechanism is shown. In Fig. 10 a) , arm of the rotation mechanism is trapped at two points. Then the arm is pushed by laser light in the X-Y plane. While the arm is moving in the horizontal plane, it is pushing top part of the end effector. Thus, the end effector is rotating around Y-axis (Fig. 10 b) ). 
B. Discussion
In the recent years, for the safety of the biological materials, indirect manipulation method became more appealing to the researchers. The conventional way of indirect manipulation is using microspheres as end effectors of the laser beam and keeping the target object away from the laser traps. However, for 3D robust control of the target object, microspheres need to grasp the target object firmly. For this, large power from laser source is required to held target object strongly using microspheres. Eventually, these laser traps become powerful enough to attract the target object itself too to the one of the laser beam center (Fig. 1) . Therefore, stable indirect manipulation becomes arduous task.
The proposed microcarrier mechanism in this paper, works with lower power as firm holding of target object is not required. After loading the target object onto the microcarrier, the object can be transported to any location in 3D by applying laser traps on to four corners of microcarrier which has sphere head pillars. In this way, laser traps are kept away from target object not just on horizontal plane but also in terms of depth.
The proposed rotation mechanism expands the ability of conventional Optical Tweezers to rotate objects around different axes such as X and Y-axes. Therefore, turning other side of the target object becomes feasible. With the proposed design, the idea of manufacturing and controlling multi-component mechanisms under laser light is demonstrated. It is a promising step for the development of more complex mechanisms in the future.
V. CONCLUSION
In this paper, two different mechanisms are proposed to overcome the difficulties of the indirect optical manipulation approach. With the proposed first mechanism, microcarrier, feasibility of stable indirect manipulation is investigated and preliminary optical manipulation experiments validates the suitability of the design. With the proposed second structure, rotation mechanism, extension of the rotation ability of Optical Tweezers is aimed. Through optical manipulation experiments, rotation around different axes is demonstrated.
Optimization of the shapes of the proposed mechanisms and automation of the manipulation task will be studied as a future work.
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